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ABSTRACT 
Energy production is driven by economic needs, which sometimes results in the 
environment and wildlife being an afterthought. Unfortunately, many animals are killed 
as a result of flying too close to wind turbines, and the addition of animal deterrent 
devices are a promising alternative. This thesis seeks to provide a solution as a part of 
post- construction considerations regarding wildlife and wind turbine interactions through 
the introduction of a blade mounted ecological device. After testing the hypothesis, the 
data revealed the device is effective for increasing power output when placed at the root, 
middle, and tip of the blade. The middle position yielded the lowest increase at all speeds 
tested. The device was designed and attached to blades along the estimated line of 
separation.  The blades were then mounted on a tower and tested with wind speed as an 
input and power as an output. The data was analyzed by fixing speed as a parameter and 
then looking at the distribution of the power output data. A comparison of blades with 
and without the device demonstrates a potential for increasing power output by 144% 
when the device is attached at the blade’s root, 7.5% in the middle, and 21% near the tip. 
The analysis for this study was descoped due to the constraints of the system to be scaled 
up. As such, this analysis will hold for turbines with a blade length of no more than 
approximately eight feet. Blades of this type would be used in single building energy grid 
supplement turbines or turbines in areas with power requirements of equal or less than 
1kW per turbine installed. Single building energy grid supplement turbines are most often 
mounted to the tops of buildings and take advantage of higher speeds of wind at those 
heights. As the ecological devices are designed to be similar to vortex generators, which 
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have been tested on large blades, their addition to large blades could prove to have a 
similar effect.  
Keywords:  Wind turbine ecosystem, post-construction turbine considerations, 
wildlife deterrents  
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EFFECTS OF DETERRENT DEVICES ON POWER OUTPUT 
Introduction 
Energy generation, of any kind, is a necessity for the continuity of current 
qualities of life but cannot justify the destruction of our ecosystems. Wind, as a method of 
energy generation, has many benefits but its optimization requires additional concerns 
beyond engineering. Wind turbines pose a fatal risk to many species, some of which are 
federally protected. The combined threats of environmental harm, legislative sanctions, 
and syndicate reputation stipulate a price too high not to consider. In an effort to 
minimize these risks and the lethal results, the industry is motivated to seek solutions and 
improve the status quo. 
Objectives and General Methodology 
This thesis addresses the above issue with the following four objectives:   
1. Investigate the impact of wind turbines on wildlife through a literature search. 
2. Identify existing and potential methods of mitigating the impact of wind 
turbines on wildlife through a literature search. 
3. Investigate the impact on wind micro-turbine output power of mounting an 
acoustic deterrence device in the form of a vortex generator on an existing 
wind turbine blade by doing the following: 
a. Design and fabricate a vortex generator sized to accommodate an 
acoustic deterrence device for a typical wind micro-turbine. 
b. Design and fabricate a low-cost test rig to evaluate the vortex 
generator. 
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c. Design and conduct a test program using the above test rig to evaluate 
the placement of the vortex generator at three blade locations: root, 
middle and tip.  Collect the data in terms of wind turbine power output 
for various wind speeds. 
d. Evaluate the test data to determine the best location for the vortex 
generator in terms of positively impacting wind turbine power output. 
Use one-way ANOVA and comparisons of means to evaluate the data 
in terms of hypothesis testing.   
4. Reach conclusions regarding the potential for using acoustic deterrence 
devices in the form of vortex generators to reduce the impact of wind turbines 
on wildlife.  This includes the best location on the wind turbine blade for 
mounting the vortex generator. 
5. Identify further research activities needed relative to the use of vortex 
generators that incorporate acoustic devices to reduce the impact of wind 
turbines on wildlife. 
Research Scope Limitations 
This research is exploratory in nature.  It does not evaluate the effectiveness of 
acoustic deterrent devices. Resource limitations resulted in engineering judgement 
regarding the size of the vortex generator needed to accommodate the acoustic deterrence 
hardware.  The test rig was designed to be low-cost.  This resulted in a test rig that is 
applicable to wind micro-turbines rather than large utility-type wind turbines. The test 
plan was limited to gathering only a relatively small amount of data. Although the scope 
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is limited, there is substantial value in identifying the potential benefits of using a vortex 
generator incorporating an acoustic deterrence device and its preferred location on the 
blade.  
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Literature Review 
Overview 
A literature review was conducted to address the first two objectives of this thesis: 
(1) Investigate the impact of wind turbines on wildlife and (2) Identify existing and 
potential methods of mitigating the impact of wind turbines on wildlife.   
Keeping environments intact while encouraging entrepreneurship and renewable 
energy prevalence is a delicate and difficult balance. Wind has been used as a means for 
power for thousands of years. Many modern farms have been built over the past 50 years. 
No one is yet aware of the adverse consequences of ignoring the increased deaths of 
wildlife to the natural balance in place before the turbine’s introduction. Although it will 
come at a cost which seems to negatively impact the windmill’s profitability, the overall 
health of the farm’s surroundings and ecosystem are imperative to maintain. 
Impact of Wind Turbines on Wildlife 
As the popularity of wind energy increases, greater concerns regarding the state of 
wind infrastructure already in service are raised. Scientists and engineers learn more 
about the impact the farms have on the energy grid, legislative policies, noise levels, and 
the environment as time goes on. Aerial animals, including birds, bats, and insects, are 
attracted to the same regions as wind prospectors for many reasons, such as strong winds. 
Many bird species which migrate take advantage of the wind to carry them to their 
mating or nesting areas. With a much better understanding that ever efficient turbines are 
now in altitudes that make it even more difficult for birds to adapt to, society must begin 
to address it. The depth of the effects are unforeseeable if no action is implemented. 
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Casualties include many members throughout the ecosystem from apex birds of 
prey to burrowing owls as well as many species of bats. There have not been any research 
studies to characterize the potential rippling impacts of these unnatural deaths. 
Yellowstone provided an example of a small change to an ecosystem with large 
ramifications that no one foresaw (1995 Reintroduction, 2017). Preventing the dangers to 
the ecosystem can be accomplished by retaining the qualities the site had when it was 
initially surveyed. 
The Need for a Post-Construction Solution 
It is infeasible to remove all the turbines which have been the cause of wildlife 
deaths and environment perturbations or to stop the growth of the industry in order to 
research and determine the best course of action. Still, there are federal laws which 
protect specific at-risk species of birds. Even those species are routinely killed by wind 
turbines and the number of fatalities are believed to be often underestimated (Smallwood, 
2013). It is difficult to estimate accurately and compare estimations across the globe as 
there are numerous methods by which these estimates are made. There is no industry 
accepted standard or any regulatory entity which governs the industry, like the American 
Society of Mechanical Engineers or American National Standards Institute. The National 
Wind Coordinating Collaborative’s (NWCC) currently unaccepted guidelines are a 
worthy start to developing the knowledge the industry needs for an approach that will 
satisfy the economic and environmental requirements. The NWCC is facilitated by the 
American Wind and Wildlife Institute (AWWI), whose partners include major 
manufacturing and operating companies as well as special interest and academic 
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organizations. This collaboration then seeks to find and detail the best options available 
currently. Determining all the implications of every task or action taken is impossible, 
consequently the motivation is high to preserve the status of the site to prevent any 
unanticipated and likely depredating effects.  
Modern wind energy methods and structures only became a noticeable part of the 
national infrastructure circa the early 1980s. Altamont Pass was a pioneering location and 
large investments began there due to its extremely windy characteristics. However, area 
development received much resistance from many organizations who wished to protect 
animals and the ecosystem. Eventually, some companies which developed there were 
forced by court order to decommission the highest risk turbines even though several 
organizations still hold that these rulings were not carried out accordingly (Fatal 
Attraction, 2007). It is indeed in the economic interest of wind prospectors, developers, 
and operators to now include an assessment of wildlife impacts from their endeavors. 
Since this interest is acknowledged after many farms have already been built and are fully 
operational, profitable, and relied upon, research must begin after construction has 
already occurred. 
Wind Turbine Effects 
It is worth noting that effects on the environment exist specific to wind power 
generators. The effects themselves vary widely on the length and strength of impact. 
Wind farms could likely have influences specific to their height, the rotation of the 
blades, and unique noise emissions. Wildlife reactions to wind farms are likely specific to 
each species, therefore generalizations cannot often be made. For example, the increased 
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mortality rates of bats within colonies close to wind farms, the larger number of birds of 
prey as casualties of wind farms, or how towers become obstructions to migrating species 
are concerning scientists. Additionally, scientists wonder about the results of habitat 
fragmentation for some species. The possibilities are nearly endless and the ability to 
address them all is unlikely to be done rapidly; however, there are management 
techniques to help narrow a study and design it well. Species-specific reactions make 
such studies expensive if they are to be both conclusive and exhaustive. Since many 
budgets usually lump all wildlife together, a study could be done to focus on one species 
and then make a plan to address the others impacted over time. Separate companies, 
governmental entities, and non-profit organizations could then divide the types of studies 
and share publishable results. As the studies are conducted, the body of knowledge will 
increase over time to the point where experts can confidently understand the causes and 
effects, allowing for the recommendations of the best courses of action. 
Fatality Studies 
Fatality studies performed post-construction concentrate explicitly on 
approximating the rates of mortality and, if possible, the approximate total number of 
fatalities at a specific operating wind farm (Strickland, 2011). Studies of this type are 
conducted by searching for, collecting, and examining wildlife carcasses found in the 
vicinity of targeted turbines. There is often a comparable reference study area used as a 
control, to gauge the impact of the farm on the area relative to the natural order and flow 
of population densities. 
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Fatality studies can assist in widening the understanding of the impact of wind 
farms on specific behaviors like migration, breeding, and hunting which can then help 
point engineers in the direction of finding solutions (Strickland, 2011). These studies can 
usually characterize the fatalities according to species and other demographics, which 
could prove useful in detecting dynamics associated to consistently high or increased 
periods of deaths. The NWCC recommends approximately two years of data collection 
be contributed to a study in order to be found reliable. However, there are times when one 
year’s worth of data can be accepted when high fidelity is demonstrated. Once data has 
been collected, it is then analyzed for high risks deemed “biologically significant effects” 
like large population impacts. Such effects might include reduced population viability or 
species endangerment (Strickland, 2011). These factors can then be compared between 
facilities and conclusions drawn based on location and time dependencies. 
Numerous studies show a palpable effect on avian life once turbines have been 
introduced. Wind turbines are the cause of death for an estimated 140,000 to 328,000 
birds each year in North America, metrics which place the industry in a precarious 
position as a renewable energy, or green energy (Loss, 2013). Over a four year period of 
data collection in Minnesota from 1996-1999 at the Buffalo Ridge Wind Resource Area, 
31 bird carcasses from 15 species were located on the study’s reference land area and 55 
bird carcasses from 31 species were located near operational wind plant features 
(Johnson, 2000a). The difference in mortality rates suggests that the existence and 
operation of wind turbines in the same region increases the mortality rate artificially. 
While it is often thought that the deaths due to turbine interactions occur as a result of 
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collision, there is evidence that at least one other cause of death exists. Kunz et al. (2007) 
hypothesized that bats may enter the blade-tip vortices and experience internal rapid 
decompression, sometimes called barotrauma, because of the absence of collision 
indicators and the presence of internal tissue damage consistent with rapid decompression 
in bat carcasses. Baerwald et al. (2008) found that of 18 bat carcasses retrieved “90% of 
bat fatalities involved internal hemorrhaging consistent with barotrauma, and that direct 
contact with turbine blades only accounted for about half of the fatalities.” The specific 
air pressure changes around turbine blades is a phenomena bats seemingly are unable to 
detect and poses a large danger to mammalians capable of flight. Barotrauma helps to 
explain high bat fatality rates in comparison to those of birds. Birds possess a unique 
respiratory structure which is less vulnerable to barotrauma. 
Study Designs 
 In order to avoid bias, promote accuracy, and encourage standardization for 
meaningful comparisons, the NWCC has proposed general protocol. They include 
attempts to quantify biases for area, detection, and removal. Area biases occur when the 
animal affected by a turbine lands outside the search area or moves outside the search 
area before death. Detection biases occur when the methods of searching for, identifying, 
collecting, and/or evaluating carcasses fail. Removal biases occur when other animals 
remove the carcass before it can be detected. The NWCC has reviewed the findings of 
key studies to conclude that “comparison[s] of the per turbine fatality rates suggest the 
largest turbine… kills the most birds on a per turbine basis, but for an equivalent 100 
MW facility, kills the least number of birds (Strickland, 2011).” Additionally, the NWCC 
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offers many estimators that many experts have modeled and give reasons why certain 
estimators would be appropriate. The careful approaches keep the resulting data as useful 
as possible to help scientists and engineers formulate limit state functions to determine 
acceptable wind turbine impact metrics and solutions to minimize failure according to the 
limit state functions.  
Habitual Effects 
Habit-related effects of wind farm construction can be inferred from other well 
known cases of common construction activities. Other effects may result from the 
introduction and operation of human activity and infrastructure. Heavy traffic, both in 
volume and gross vehicle weight (GVW), to and from a construction site for the duration 
of construction is not equivalent to the regularly scheduled maintenance the farm will 
need over its entire service time. It would be best to budget for structures to be installed 
during construction and left to “minimize soil erosion, sedimentation of water sources, 
and other potentially negative impacts to the environment” (Strickland, 2011).  
Study Designs 
According to the National Wind Coordinating Collaborative’s authors, an optimal 
approach to post-construction studies is the classic manipulative study experiment where 
one would be able to alter the predictive factor and then observe and quantify how the 
factors of interest react. However, in the case of wind energy development, studies can 
pinpoint conditions where fatalities tend to occur in greater numbers or where influences 
are substantial. Animals, even of the same species, are not distributed or effected 
homogeneously. Thus, the sampling should be intense if we intend to minimize the 
 11 
impact. The opportunity and funding for such extensive and exhaustive study is rare. 
R.H. Green’s 1979 paper, Sampling Design and Statistical Methods for Environmental 
Biologists, discusses an optimal design as an ‘area-by-time’ factorial design, such that 
indications for an impact is a noteworthy ‘areas-by-times’ interaction. Once those 
conditions have been met, the researchers would be limited by their ability to test the null 
hypothesis and their ability to relate any demonstrated change unique to the impacted 
area directly or indirectly to the impact. The null hypothesis is when compared to a 
control area, the area of interest does not differ from it either statistically or biologically. 
The researchers should also take steps to separate effects caused by naturally occurring 
variation unrelated to the impact (Green, 1979). If the researchers cannot get a control 
area, then the importance of the impact must be inferred only from chronological 
changes. 
Habitat Case: optimal 
Kansas State University designed a research project to measure the effects of 
wind energy facilities on populations of greater prairie-chickens in Kansas. The research 
was based on a Before/After Control/Impact (BACI) experiment design. Study sites had 
an impact area where a wind energy facility was planned and a close control area with 
similar rangeland characteristics where no development was planned. The research 
project coordinated both field and laboratory work. They were collecting telemetry and 
observational data from adult and juvenile GPCH in the field and determining population 
genetic attributes of GPCH in the laboratory from blood samples of birds in the impact 
and reference areas. Detailed data on GPCH movements, demography, and population 
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genetics were gathered from sites from 2007 to 2010. By late 2008, the Meridian Way 
Wind Farm in the Smoky Hills of Cloud County wind energy facility was developed and 
research is ongoing. The revised BACI study design produced two years of pre-
construction data (2007 and 2008), and three years of post-construction data (2009, 2010, 
and 2011) from a single wind energy facility site (impact area) and its reference area.  
Habitat Impacts: suboptimal 
In a study of the influence of wind turbines on grassland birds, Leddy et al. (1999) 
recognized paths running parallel to a string of turbines directly underneath turbine 
string, 40 m on each side of string, 80 m on each side of string, and 160 mon one side of 
string. They also recognized a path in each of three control fields with comparable 
foliage. Researchers observed birds along these paths during safe weather within 
acceptable limits every week from May 15th to July 1st, from sunrise to 10:00 am. The 
researchers counted perched or singing males within 20 m of each path, and counts from 
all fields’ surveys were averaged. All fields were a part of the United States Department 
of Agriculture (USDA) Conservation Reserve Program with grasses and alfalfa that had 
been planted 7-8 years earlier. We can infer from this study that when in preserved land, 
this species will continue its behavior despite the wind farms’ presence. This suggests 
that indeed economic and environmental interests can both be met.  
Current Methods of Mitigating the Impact on Wildlife 
Status Quo 
The current approach to mitigating the aforementioned problems post-
construction is to limit turbine operation time during low winds or high-risk periods of 
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time (Arnett, 2010; Singh, 2015). High- risk periods of time include times of migration, 
hunting, breeding, or other high levels of activity near the turbine. While the 
effectiveness of the decrease in mortality rates is clear with these approaches, the cost for 
doing so may not be in the interests of several stakeholders, such as recipients of the 
energy and investors in the farm. The corresponding cost efficiency decrease is projected 
to be minimal, but such claims are not widely understood in many regions and other 
solutions are still desired for farms already in service (Baerwald, 2009; Martin, 2017; 
Singh, 2015). These are not the only approaches used in the industry, but other 
approaches currently in use are considerations pre-construction, such as rigorous site 
selection, and are outside the scope of this thesis. 
New Methods in Development 
New methods still in development are: the use of radar to detect incoming 
wildlife, tracking individual members of a population with GPS, painting turbines, and 
acoustic deterrent devices. Innovation in these areas will help find the biggest risks and 
potentially provide solutions to the challenges faced by the wind industry. With the 
exception of the painting, these methods also come with an operating cost as they are 
active systems. Although they are encouraging, all of the methods are not applicable to all 
areas. 
The use of radar requires a radar station, a system to receive detection data, and a 
system to slow or stop the turbine before the animal strikes. A radar system employed 
along a migration route proved successful in preventing fatalities (Tomé, 2017). In 
addition to equipment, the positive results also required human observation and 
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monitoring of animal activity. Sometimes the entire slowing and shutdown process can 
take longer to complete than for the bird to be within the rotor swept area’s range. Time 
was saved when the monitoring team was able to perform the shutdown by receiving 
access to the turbine shutdown system. The costs of the monitoring team, radar system, 
and shutdown were not reported; however, the total shutdown period was projected at 
less than 1.5% of the equivalent annual wind farm activity hours (Tomé, 2017). 
Individual tracking with satellites and GPS systems is helpful in gathering long-
term behavior and risks associated with migratory, nesting, and daily behavior around 
wind turbines. Golden eagle populations are being monitored along the Allegheny Front 
Ridge in Central Pennsylvania and over the hills of West Virginia and Kentucky. The 
raptors are fitted with radio telemetry transmitters that the National Aviary researchers 
use to track their migration routes. Such data will be used to develop the first statistics 
showing where and when risk is the greatest to minimize the killing of eagles and other 
big birds (Hopey, 2007). Reproductive success and productivity do not seem to be largely 
impacted for adult Swainson’s hawks nesting near turbines but there is risk for fledglings 
learning to fly and hunt (Watson, 2017). Tracked eagles in Mecklenburg-Western 
Pomerania and Brandenburg did not show behavioral differences in the presence of 
turbines. The number of times the eagles with large ranges of flight around their nest 
entered a farm were low, but it follows that territorial eagles will have a much smaller 
range of flight and would likely encounter turbines more often (Kone, 2017).  
Altering the appearance of turbines in place to make them more visible to birds is 
another approach. Visual data suggests that a single, solid-black blade, paired with two 
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white blades, is the most visible stimulus for birds (Hodos, 2001). The research done in 
2001 was performed under laboratory conditions. In 2014, four turbines at the Smøla 
wind farm in Norway, had one rotor blade painted black and the preliminary results show 
a decrease in the mortality rate (Watson, 2018). 
The use of ultrasonic frequencies to deter bats is an idea that has been made into a 
product that is produced by GE and advanced by Bat Conservation International (Sinclair, 
2017). Acoustic deterrent devices have recently been mounted to the nacelles of several 
target wind towers and their efficacy is still being evaluated. These products are hopeful 
as they showed 21-64% fewer fatalities compared to control towers without the device 
over a two year period (Arnett, 2013). This is a first attempt to create an uncomfortable 
area around the turbines for the bats so they are dissuaded from nearing the fatal vicinity.  
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A New Approach 
When combining the ideas of a deterrent method and vortex generators, there is 
potential for a device that can deter wildlife from within the rotor swept area and capable 
of increasing turbine efficiency simultaneously. Some problems arise with the use of 
acoustic deterrent devices due to attenuation of the emitted frequencies from the 
ecological devices mounted on the nacelle, the entire rotor swept area not being covered, 
and frequency pulse interruption as the blade passes in front of the ecological devices 
(Arnett, 2013). The bats’ own calls will mask frequencies as well because the bats cannot 
hear early echoes while they are vocalizing (Spanger, 2006). Vortex generators have been 
introduced to turbine blades and yielded a maximum lift increase of 44% and only 
increased drag by 0.002 at pre-stall angles of attack (Manlesos, 2015). The strength of 
these passive devices is that they prevent or delay the separation of the boundary layer 
thereby decreasing the drag on the airfoil (McCormick, 1992). Consequently, an increase 
in blade efficiency is expected when vortex generators are placed along the line of 
separation which will translate into higher power output than without the vortex 
generators for the same blade. The line of separation is the series of points at which the 
flow over an airfoil changes from a laminar flow to a turbulent flow and the boundary 
layer thickens, directing energy away from the blades’ intended purpose. Vortex 
generators prevent such separation and the flow remains laminar over the chord length 
keeping the energy in a thin boundary layer moving toward the blades’ intended purpose. 
If the ecological devices were designed and mounted like several connected vortex 
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generators, the emitted frequencies would be along the rotor swept area. Moreover, if the 
fluid dynamics that were demonstrated along the line of separation with vortex generators 
hold with the ecological devices as well, they might serve a similar objective as the 
vortex generators.  
It is obvious through engineering reasoning that the addition of a device larger 
than the small, commercially available vortex generators on the blades will potentially 
introduce additional drag and vibrations. The aim of this thesis is to quantify how much 
of a penalty the addition of one device attached to one blade will incur as determined by 
power output. If the penalty is much less than the cost of including the blade mounted 
ecological devices (BMED), then the investment in their development and incorporation 
is justified. Those costs would include: cost of purchasing and installing the devices, 
fines or tower decommissioning due to wildlife protection sanctions, the risk of harming 
a company’s reputation due to wildlife endangerment, and the unknown threat of 
damaging ecosystem balances. If the penalty is too high, then BMED can be ruled out as 
a solution. The hypothesis is the following: The addition of the BMED will incur less 
than a 10% decrease in power output.  
Micro-windmill Systems 
Large wind turbines and farms are becoming a trend to take advantage of 
economies of scale, but there is value in micro-windmill systems as well. Micro-windmill 
systems are a closer scaling of the system being tested herein because the Reynolds 
number for both systems can be equated and the speed can be realistically adjusted to 
scale the data up for a larger system than the system designed and tested. Micro-windmill 
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systems are used to supplement the energy grid infrastructure and can serve as a sole 
source of power for a building during emergency situations when power is unavailable, to 
alleviate CO2 emissions due to the built environment, and reduce consumers’ electricity 
costs (Bahaj, Myers, & James, 2007).  
The estimated Reynolds numbers of the system are: 
Re32.5=
ρvl
μ
~ 
1.225
kg
m3
*14.52
m
s
*0.127m
0.000017894
kg
m*s
~126240.58 
Re37.5=
ρvl
μ
~ 
1.225
kg
m3
*16.76
m
s
*0.127m
0.000017894
kg
m*s
~145715.71 
Re42.5=
ρvl
μ
~ 
1.225
kg
m3
*18.99
m
s
*0.127m
0.000017894
kg
m*s
~165103.90 
Re48.5=
ρvl
μ
~ 
1.225
kg
m3
*21.68
m
s
*0.127m
0.000017894
kg
m*s
~188491.45 
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Figure 1. Micro-Windmill System on Wrigley Hall 
There is a substantial lack in knowledge regarding micro-windmill systems and 
their impacts on wildlife (Park, Turner, & Minderman, 2012). Engineering solutions and 
legislative policies have not yet been put in place because the research on which to base 
them is either nonexistent or unpublished. The closest relevant data available is related to 
the interactions of wildlife with the built environment and urban ecosystems. Further 
research is needed to characterize the challenges and solutions for urban micro-windmill 
systems.  
Design and Fabrication of the Blade Mounted Ecological Device (BMED)  
Thesis objective 3 is to design and fabricate a vortex generator that incorporates 
an acoustic deterrent system.  This test device will be referred to as the BMED. 
The exterior design was inspired by the previously mentioned vortex generators 
and the dorsal fins of marine life. Overall shape was modeled after a dorsal fin and the 
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sweep angle of vortex generators. Sizing and dimensions were determined by 
approximating the minimum size to fit electronics, acoustics, and/or lighting into the 
device. This approximation was an attempt to find the position at which the device would 
be big enough to deter wildlife effectively while being small enough to achieve the same 
effects of the vortex generators. It was designed specifically for use with the test rig that 
simulates a typical wind micro-turbine.  The BMED was designed in Solidworks and 
exported to be 3D printed on a Dimension 1200 with ABS plastic. The total length, at 2 
inches, is approximately 12% of the total blade length.  The Solidworks model is shown 
in the following figure.  Pictures of the fabricated BMEDs are provided in figures 
following the model. 
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Figure 2. Solidworks model of BMED 
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Figure 3. 3D-printed BMED profile view 
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Figure 4.BMED and BMED Placed on Blade Root 
 
Figure 5. BMED Views 
BMED Front View 
 
BMED Top View 
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Design and Fabrication of Test Components 
The objective of the test is to determine if the BMED has any effect on the power 
output of a wind turbine system. The system was designed to isolate the power output as 
wind speed was varied. Requirements to test the hypothesis are the following: a tower 
with a height taller than the vehicle pulling the trailer, the hubs must allow blade 
interchangeability, and the wind speed flowing toward the blades must be recorded with 
the corresponding power output of the connected generator. 
Testing of this hypothesis was carried out by constructing analog scaled down 
versions of micro-windmill systems, mounting them in a trailer, pulling them with a truck 
to a determined speed, using an anemometer to detect wind speed closer to the windmill 
system as the speedometer’s data was calculated from the wheel rotation, and measuring 
the power output of the windmill system through the output of a connected generator. 
Blades with BMED attached on different locations were exchanged in such a manner that 
the first blade had the BMED on the root, the second had the BMED in the middle 
section, the third had the BMED on the tip, and the fourth was the blade from the third 
test but the BMED was removed.  
Blade Fabrication 
Blades were cast in 72 degrees Fahrenheit ambient temperature using a urethane 
plastic resin, Task 2, manufactured by SmoothOn. After an hour, they were checked for 
air bubbles and repaired if major air bubbles were present. They continued to cure for 
five hours and then were removed from the mold and hung from a rack to prevent 
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warping over the next 24 hours. After a week, the blades were sanded down to increase 
smoothness and aerodynamics.  
 
Figure 6. Mold (top left), curing process (top right), finished blade (bottom) 
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BMED Attachment to Blades 
Each BMED was attached to the blades using an ethyl cyanoacrylate adhesive. 
The location for placement was determined by researching an analogous airfoil and its 
line of separation location. Since it is unrealistic to test every possible location along the 
line of separation, three locations were determined to be the best for overall performance 
characterization. The BMED were placed on the root, the middle, and the tip of the 
blades. The root and middle BMED were then placed along an estimated line of 
separation for the fabricated blade. The BMED placed at the blade tip was aligned with 
the leading edge of the blade since the line of separation is not well defined and the 
BMED length is very close to that of the blade tip. Once the BMED were secured in their 
respective locations, they were allowed to cure for 24 hours before testing.  
Testing Apparatus 
The fabricated blades were mounted to a 6061 aluminum hub with screws. The 
hub was connected to a generator with a gear and chain assembly. The generator was 
attached to a data acquisition control (DAQ) device which fed into LabView. The DAQ 
also had a cup and vane anemometer connected to it to measure and record wind speed as 
an input. The output of the LabView program were power output of the generator in 
watts. The rotations per minute of the shaft from the gear and chain assembly to the 
generator were also recorded.  
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Figure 7. Testing Apparatus and H-Base 
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Figure 8. Testing Apparatus 
The tower was a hollow steel rod with a six inch diameter and nine foot height. It 
was affixed to a trailer with a steel H-shaped base. The base was drilled into 4x6 wood 
planks and clamped to the bed of the trailer. The H-base also had a rod from the back of 
the base such that its one end was bolted to the base and the other end bolted to the 
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middle of the tower to act as a gusset and resist bending. The tower was further strapped 
down with tie down straps to the corners of the trailer to prevent lateral movement.  
 
Figure 9. Testing Apparatus and Complete Testing Setup 
Testing Program 
Procedures 
Three blades were attached to the hub as follows: 
1. The first configuration had two blades with no device and one blade with a device 
at the root. 
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Figure 10. First BMED to Blade Configuration (Group 4) 
2. The second configuration had two blades with no device and one blade with a 
device in the middle. 
 
Figure 11. Second BMED to Blade Configuration (Group 3) 
3. The third configuration had two blades with no device and one blade with a 
device at the tip. 
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Figure 12. Third BMED to Blade Configuration (Group 2) 
4. The fourth configuration had three blades with no device. 
 
Figure 13. Fourth BMED to Blade Configuration (Group 1) 
Each blade configuration was tested three times. The data recording began as the 
truck began forward motion from a stopped position. The truck was accelerated to 
approximately 50 miles per hour and then held there for ten seconds. It was then slowed 
back to a stopped position and the data recording was stopped.  
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Assumptions 
Assumptions made for this analysis include:  
 blade variations are negligible,  
 the vehicle pulling the trailer had the same impact on the fluid dynamics 
of the turbine system for all tests,  
 testing environment parameters, like natural wind, pressure, and humidity, 
had no appreciable changes between tests, and  
 the BMED were placed close enough to the actual line of separation such 
that if the BMED were capable of preventing separation, they would do 
so.  
Blade variations include manufacturing defects, imperfect and non-symmetric 
sanding magnitude and location, and length. Environmental parameters were retrieved 
from the National Weather Service’s and National Oceanic and Atmospheric 
Administration’s data at the beginning of the testing period from the Chandler Municipal 
Airport. The Chandler Municipal Airport is approximately eight miles from the testing 
site and the parameters are the following: pressure 29.98 psi (206.70 kPa), temperature 
54˚F (12.22˚C), average wind speeds 3mph (1.34 m/s), and humidity of 28%. 
Results 
Data analysis  
Analytical techniques for normally distributed data in this context are one-way 
ANOVA and comparisons of means. A main objective of this thesis is to quantify how the 
location of the BMED impacts the power output. The data was grouped into bins 
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according to wind speeds of 30-35 miles per hour, 36-39 mph, 40-45 mph, and 46-51 
mph.  Unfortunately, the peaks of the power curves were not obtained due to safety 
concerns of the trailer, but data for speeds under 50 mph were obtained for all BMED 
configurations. Normality tests were performed on all speed bins and the data was 
determined to be normally distributed. For each BMED configuration, each wind speed 
bin was analyzed with the statistical tools of regression, one-way ANOVA, Bonferroni’s 
method, and Tukey’s method. Multiple comparisons of means tools were used because it 
is of interest to characterize how the location of the BMED effects the power output. The 
mean square error (MSE) was used to quantify the error in the regression analyses. 
 
Figure 14. Normality Tests for Speed Bin 46-51 for Groups 4, 3, 2, & 1 (top left to right, 
bottom left to right) 
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Regressions 
The regressions show that the placement of the device at the root of the blade is 
significantly superior to all the other configurations for power output. The next most 
impactful location is at the tip. Placing the device in the middle was an improvement 
from the performance of the blade without a device, but not by much. The fit of the 
regressions progressively improved as the speed bins increased in magnitude. The lowest 
speed bin had the worst proportion of variance explained, R2, at 64.87%, and the highest 
speed bin had the best at 92.72%. The MSE ranged from 0.892 in the 36-39 speed bin to 
1.641 in the 40-45 speed bin. For all analyses, α = 0.05 to provide a 95% confidence 
level. 
Table 1. One Way ANOVA Regression Model 
OWANOVA β0 β1 β2 β3 
  
Speed 
Bin 
Intercept Group_1. 
No 
Device 
Group_2.
Tip 
Group_3.
Middle 
Group_4.
Root 
MSE R2 (%) 
30-35 2.725 0 0.378 0.114 3.133 1.05 64.87 
36-39 4.1 0 0.868 0.307 5.923 0.892 88.51 
40-45 6.183 0 1.096 0.187 8.692 1.641 90.34 
46-51 8.716 0 0.405 0.003 8.671 1.309 92.72 
 
The following are the ANOVA regression models in equation form where 
equation 1 refers to the regression completed on the first speed bin data, 30-35 mph, 
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equation 2 refers to the regression completed on the second speed bin data, 36-39 mph, 
equation 3 refers to the regression completed on the third speed bin data, 40-45 mph, and 
equation 4 refers to the regression completed on the fourth speed bin data, 46-51 mph. 
Power1=2.725 + 0.0 Group_1.No Device + 0.378 Group_2.Tip +  
0.114 Group_3.Middle+ 3.133 Group_4.Root     (1) 
Power2=4.100 + 0.0 Group_1.No Device + 0.868 Group_2.Tip +  
0.307 Group_3.Middle+ 5.923 Group_4.Root    (2) 
Power3=6.183 + 0.0 Group_1.No Device + 1.096 Group_2.Tip +  
0.187 Group_3.Middle+ 8.692 Group_4.Root    (3) 
Power4=8.716 + 0.0 Group_1.No Device + 0.405 Group_2.Tip +  
0.003 Group_3.Middle+ 8.671 Group_4.Root    (4) 
Table 2. General Linear Regression Model 
General Linear 
Regression Model 
β0 β1 β2 β3 
  
Speed 
Bin 
Intercept Group_1. 
No Device 
Group_2
.Tip 
Group_3.
Middle 
Group_4.
Root 
MSE R2 
(%) 
30-35 3.6312 -0.906 -0.528 -0.792 2.227 1.05 64.87 
36-39 5.8747 -1.775 -0.907 -1.467 4.149 0.892 88.88 
40-45 8.6766 -2.494 -1.398 -2.307 6.198 1.641 90.34 
46-51 10.986 -2.27 -1.865 -2.267 6.401 1.309 92.72 
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Table 3.General Linear Regression Model Beta Percentage Differences 
% Difference β0 - β1 % Difference β0 - β2 % Difference β0 - β3 
41.7218543 12.58278146 345.8057395 
48.90140845 17.35211268 333.7464789 
43.94546913 7.497995188 348.5164395 
17.84140969 0.13215859 381.9823789 
 
The following are the general linear regression models in equation form where 
equations 5-8 refer to the regression completed on the first speed bin data, 30-35 mph, 
equations 9-12 refer to the regression completed on the second speed bin data, 36-39 
mph, equations 13-16 refer to the regression completed on the third speed bin data, 40-45 
mph, and equations 17-20 refer to the regression completed on the fourth speed bin data, 
46-51 mph. 
Power5.1=3.6312 - 0.906 Group_1.No Device       (5) 
Power5.2=3.6312 - 0.528 Group_2.Tip       (6) 
Power5.3=3.6312 - 0.792 Group_3.Middle      (7) 
Power5.4=3.6312 + 2.227 Group_4.Root      (8) 
Power6.1=5.8747 - 1.775 Group_1.No Device       (9) 
Power6.2=5.8747 - 0.907 Group_2.Tip       (10) 
Power6.3=5.8747 - 1.467 Group_3.Middle       (11) 
Power6.4=5.8747 + 4.149 Group_4.Root       (12) 
Power7.1=8.6766 - 2.494 Group_1.No Device       (13) 
 37 
Power7.2=8.6766  - 1.398 Group_2.Tip       (14) 
Power7.3=8.6766  - 2.307 Group_3.Middle      (15) 
Power7.4=8.6766 + 6.198 Group_4.Root       (16) 
Power8.1=10.9860 - 2.270 Group_1.No Device       (17) 
Power8.2=10.9860 - 1.865 Group_2.Tip       (18) 
Power8.3=10.9860 - 2.267 Group_3.Middle      (19) 
Power8.4=10.9860 + 6.401 Group_4.Root       (20) 
Data analyzed with ANOVA provided the inputs for interval plots, individual 
value plots, and boxplots to illustrate how the data is spread and how data between speed 
bins compares. One can observe only slight differences when the BMED are absent, 
placed on the tip, or placed in the middle of the blade. The largest difference is observed 
with the BMED placed at the root and it is strictly positive.  
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Figure 15. Interval Plots for all Speed Bins (30-35mph top left, 36-39mph top right, 40-
45mph bottom left, 46-51mph bottom right) 
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Figure 16. Individual Value Plots for all Speed Bins (30-35mph top left, 36-39mph top 
right, 40-45mph bottom left, 46-51mph bottom right) 
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Figure 17. Individual Boxplots for all Speed Bins (30-35mph top left, 36-39mph top 
right, 40-45mph bottom left, 46-51mph bottom right) 
Multiple Comparisons 
The means from each bin for each configuration reveal a mean increase from the 
baseline blade with no device ranging from 99% to 144% when placing the device at the 
root of the blade, 4.6%-21% at the tip, and 0.03%-7.5% in the middle. This means that 
after a certain threshold of speed is reached for the system, the less sensitive the power 
output is to the placement of the device. These results illustrate how sensitive the power 
output is to the change of the device’s location. From the baseline of the blade with no 
device, the power output was only moderately sensitive to placement of the device on the 
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tip or in the middle of the blade, but was extremely sensitive to placement of the device 
on the root of the blade. 
Table 4.Speed Bin 30-35 mph Basic Statistics 
Speed Bin (mph) Group N Mean StDev 95% CI 
30-35 1.No 
Device 
26 2.725 0.547 (2.504, 2.946) 
 
2.Tip 39 3.1028 0.6194 (2.9020, 3.3036) 
 
3.Middle 22 2.839 0.611 (2.568, 3.110) 
 
4.Root 40 5.858 1.595 (5.348, 6.368) 
 
Table 5.Speed Bin 30-35mph Percent Change in Means 
Group 1 to 2 (% change) Group 1 to 3  (% change) Group 1 to 4 ( % change) 
13.86422018 4.183486239 114.9724771 
 
Table 6.Speed Bin 36-39 mph Basic Statistics 
Speed Bin (mph) Group N Mean StDev 95% CI 
36-39 1.No 
Device 
22 4.1 0.744 (3.770, 4.430) 
 
2.Tip 21 4.968 0.801 (4.604, 5.332) 
 
3.Middle 19 4.408 0.595 (4.121, 4.694) 
 
4.Root 30 10.023 1.282 (9.545, 10.502) 
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Table 7. Speed Bin 36-39mph Percent Change in Means 
Group 1 to 2 (% change) Group 1 to 3  (% change) Group 1 to 4 ( % change) 
21.17073171 7.512195122 144.4634146 
 
Table 8. Speed Bin 40-45 mph Basic Statistics 
Speed Bin (mph) Group N Mean StDev 95% CI 
40-45 1.No 
Device 
29 6.183 0.737 (5.902, 6.463) 
 
2.Tip 46 7.279 0.974 (6.990, 7.568) 
 
3.Middle 43 6.37 0.927 (6.084, 6.655) 
 
4.Root 58 14.875 1.817 (14.397, 15.353) 
 
Table 9. Speed Bin 40-45mph Percent Change in Means 
Group 1 to 2 (% change) Group 1 to 3  (% change) Group 1 to 4 ( % change) 
17.72602297 3.024421802 140.579007 
 
Table 10. Speed Bin 46-51 mph Basic Statistics 
Speed Bin (mph) Group N Mean StDev 95% CI 
46-51 1.No 
Device 
40 8.716 1.008 (8.394, 9.039) 
 43 
Speed Bin (mph) Group N Mean StDev 95% CI 
 
2.Tip 40 9.121 0.817 (8.860, 9.382) 
 
3.Middle 30 8.719 0.918 (8.376, 9.062) 
 
4.Root 56 17.387 1.489 (16.988, 17.786) 
 
Table 11. Speed Bin 46-51mph Percent Change in Means 
Group 1 to 2 (% change) Group 1 to 3 (% change) Group 1 to 4 ( % change) 
4.646626893 0.034419458 99.48370812 
 
Numbers in bold indicate the highest value in its category, while underlined 
numbers indicate the lowest value in its category. 
The fastest speed bin was also the bin in which the lowest percentage of change 
occurred. The greatest change was observed in the 36-39mph speed bin for all BMED 
locations. Comparing means in the 46-51mph speed bin between the blade with no device 
and the blade with the device in the middle yields less than 0.04 percent difference, 
indicating that the addition of the device did not impact the power output appreciably.  
To compare the sets with each other, Tukey and Bonferroni methods were 
employed and yielded similar results. Between groups 1. No Device-2. Tip and 1. No 
Device-3. Middle, as well as 2. Tip-3. Middle, no significant difference in the means 
exists. However, between groups 1. No Device-4. Root, 2. Tip-4. Root, as well as 3. 
Middle-4. Root show significant differences. These results confirm what was shown in 
the regression analyses. All speed bins display the same patterns. 
 44 
Table 12. Tukey Simultaneous Tests for Differences of Means for Speed Bin 30-35mph 
Difference of Group 
Levels 
Difference 
of Means 
SE of 
Difference 
Simultaneous 
95% CI 
T-
Value 
Adjusted 
P-Value 
2.Tip - 1.No Device 0.378 0.259 (-0.297, 1.053) 1.46 0.467 
3.Middle - 1.No Device 0.114 0.297 (-0.658, 0.886) 0.38 0.981 
4.Root - 1.No Device 3.133 0.258 (2.461, 3.804) 12.14 <.001 
3.Middle - 2.Tip -0.264 0.273 (-0.974, 0.447) -0.96 0.77 
4.Root - 2.Tip 2.755 0.231 (2.155, 3.355) 11.95 <.001 
4.Root - 3.Middle 3.019 0.272 (2.311, 3.726) 11.1 <.001 
 
Figure 18. Tukey Method Comparisons of Mean Values for Speed Bin 30-35mph 
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Table 13. Bonferroni Simultaneous Tests for Differences of Means for Speed Bin 30-
35mph 
Difference of Group 
Levels 
Difference 
of Means 
SE of  
Difference 
Simultaneous 
95% CI 
T-
Value 
Adjusted 
P-Value 
2.Tip - 1.No Device 0.378 0.259 (-0.318, 1.073) 1.46 0.888 
3.Middle - 1.No 
Device 
0.114 0.297 (-0.682, 0.910) 0.38 1 
4.Root - 1.No Device 3.133 0.258 (2.441, 3.825) 12.14 0 
3.Middle - 2.Tip -0.264 0.273 (-0.996, 0.469) -0.96 1 
4.Root - 2.Tip 2.755 0.231 (2.137, 3.373) 11.95 0 
4.Root - 3.Middle 3.019 0.272 (2.289, 3.748) 11.1 0 
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Figure 19. Bonferroni Method Comparisons of Mean Values for Speed Bin 30-35mph 
Conclusions 
The hypothesis estimated that the addition of the BMED will incur less than a 
10% decrease in power output. This hypothesis is correct and is accepted. In each case, 
there was an increase in power output.  
All objectives of the thesis were accomplished as summarized below. 
Objective 1:  Investigate impact of wind turbines on wildlife 
Most wind farm development has occurred without any scientific research 
regarding the interactions of turbines with wildlife, especially migrating species. A lack 
of knowledge in this area can increase the risk that turbine blades will collide with 
wildlife, maiming or killing them. A new goal is to identify ways in which wind power 
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can be developed safely by recognizing areas of high and low risk to economic investors, 
human and animal populations, and the environment all life shares. This will bring the 
stakeholders together and yield data useful to businesses, legislators, special interest 
groups, academics, and the general public. 
Objective 2:  Identify methods of mitigating the wildlife impact of wind turbines 
post-construction 
The current approach to mitigating the aforementioned problems post-
construction is to limit turbine operation time during low winds or high-risk periods of 
time (Arnett, 2010; Singh, 2015). New methods still in development include the use of 
radar to detect incoming wildlife, tracking individual members of a population with GPS, 
painting turbines, and acoustic deterrent devices. When combining the ideas of a 
deterrent method and vortex generators, there is potential for a device that can deter 
wildlife from within the rotor swept area and is capable of increasing turbine efficiency 
simultaneously. If the BMED were designed and mounted like several connected vortex 
generators, the wildlife inhibiting activities would occur along the rotor swept area. 
Objective 3: Identify by test the best blade location for a promising approach 
A vortex generator sized to include an acoustic deterrence device was designed 
and several units were fabricated.  A test apparatus was designed and built.  Based on test 
results, if BMED are designed to be less than 12% of the overall blade length, then 
placement can be expected to be ineffectual or beneficial to turbine power output. 
Placement optimization can be achieved as seen through the configurations tested, which 
best placed the device at the root of the blade along the line of separation.  
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Objectives 4 and 5: Reach conclusions and identify recommended future work 
This chapter provides the conclusions based on the findings of the experiment and 
the data analysis.  Recommended future work includes the detailed design of acoustic 
systems to fit the vortex generator shape, CFD simulations to correlate with the test 
results, and more detailed testing and studying the effects of scaling up the micro-turbine 
deterrent design to utility-scale wind turbine applications. 
The BMED were expected to act in a similar fashion to vortex generators, and 
corresponding results to that expectation should have been observed in all configurations. 
Since the observations show a great difference between the root position and all other 
configurations, the simple conclusion that BMED induce vortices is insufficient. In the 
attempt to explain the observations, three possibilities are offered. (1) The drag induced is 
close to the amount of aerodynamic gains and thus is canceled out. (2) Changes in the 
moments of inertia created by the BMED’s addition also plays a comparable role. (3) The 
root position causes an increase in the use of the underutilized air near the hub and 
thereby applying this space more efficiently. Additionally, any combination of these 
factors is a possibility. 
Future Work 
As scientists conduct post-construction research, their goal is to give more 
information regarding impacts on wildlife and continuously optimize post-construction 
studies. This information can, in turn, be used to also optimize pre-construction studies, 
saving the need to gather particular information and reducing study duplication. One task 
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for future work in post-construction consideration is devising research activities to be 
specific for unstudied regions, species, farm layouts, and migratory patterns. 
Additional future work would be to characterize the fluid flow over ecological 
devices as their designs are iterated. Many publications discuss fluid flow over a variety 
of vortex generators and explain associated phenomena. Since the BMED will have 
differences in order to accommodate deterrent mechanisms, the flow will be different. 
The similarities and differences between them do not yet exist. Work on a fluid dynamics 
simulation was initiated in conjunction with this study but remains inconclusive. 
Software used was unable to resolve the overlapping surfaces of the assembled parts. 
Future recommendations would be to create a resolvable model and perform a software 
simulation to perform the characterization of the flow. 
In this study, BMED were only attached to one blade; future work could include 
attaching BMED to each of the three blades and testing the root, middle, and tip 
placements against a control blade without any devices. These configurations were 
unable to be tested due to economic and time constraints. A combinatorial testing design 
could also prove useful if an asymmetric array of configurations provides some 
aerodynamic benefit (e.g. BMED placed on the tip of one blade, the middle of the 
second, and the root of the third). Innovation in this field is promising as it could yield 
comprehensive benefits to ecosystems as well as power systems.  
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